In the present study, the machinability of titanium, Ti-6Al-4V, Ti-6Al-7Nb, and free-cutting brass was evaluated using a milling machine.
INTRODUCTION
turning. However, for technical or economic reasons, the size or shape of a work that can be prepared in a laboratory is usually limited when the product is made of a dental material.
In addition, cutting tools used in dental CAD/CAM are usually smaller than those used in industry.
Therefore, the establishment of a method to evaluate the machinability of dental materials is indispensable.
In the present study, a cutting test of titanium and titanium alloys was performed using a milling machine equipped with a three-component force transducer.
MATERIALS AND METHODS
Preparation of specimens The materials used in this study and their specifications are summarized in Table 1 . Titanium buttons (15g each) were made by melting titanium sponge (>99.8%, grade S-90, Sumitomo Sitix, Amagasaki, Japan)
in an argon-arc melting furnace (TAM-4S, Tachibana-Riko Inc., Sendai, Japan). After the chamber was evacuated to 5mPa, high-purity argon gas (>99.9999%, Nipponsanso, Kawasaki, Japan) was introduced until the pressure reached 50kPa for the melting atmosphere.
A titanium getter was melted before melting the material.
The top and bottom faces of the buttons were parallel-ground, producing specimens measuring approximately 23mm in diameter and 8mm in thickness.
Specimens (25mm in diameter and 6.5mm in thickness) cut from wrought Ti-6Al-4V (annealed, DAT5, Daido Steel, Nagoya, Japan) and wrought Ti-6Al-7Nb (annealed, T-Alloy Tough, GC, Tokyo, Japan) were also prepared. Specimens (20mm in diameter and 8mm in thickness) cut from wrought free-cutting brass (as- fabricated, JIS H3250 C3604BD-F, Kyoto Brass, Kyoto, Japan) were prepared as a representative of free-cutting metals.
Microhardness measurements
The Vickers hardness of the polished surfaces of the metals was evaluated using a microhardness tester (HM-102, Akashi, Yokohama, Japan) with a 1.961N load and 30s dwell time. Six specimens were used for each metal. The measurements were made at five randomly chosen locations of each specimen.
Cutting test
The specimens were slotted using a computercontrolled milling machine (MDX-500, Roland DG, Hamamatsu, Japan) with a belt drive spindle (ZS-500T, Roland DG) (Fig. 1) . A three-component force transducer (LSM-50KBS, Kyowa, Tokyo, Japan) was fixed on the table of the milling machine as a dynamometer.
Three strain amplifiers (DPM-711B, Kyowa) were used for signal conditioning.
A magnetic pickup (304-166, RS Components, Kanagawa, Japan) installed close to the spindle and a digital tachometer (AC-962A-3, Asahi Keiki, Tokyo, Japan) were used to measure the rotational speed of the spindle.
Six specimens were used for each metal. All the surfaces subjected to cutting were polished down to # 1000 abrasive paper prior to testing.
Each specimen was gripped in a vise mounted on the transducer so that the surfaces to be cut were even with the top of the vise.
Carbide square end mills (Ti AlN-coated, 2 flutes, mill diameter 3mm, FX-MG-EDS, OSG, Toyokawa, Japan) were used as cutting tools. The axial direction of the tool was parallel to the z-axis (vertical axis) of the milling machine. The tool was fed in the x-axis direction of the machine. A cutting test was performed on four cutting conditions (Table 2) for each specimen. Condition (1) is the closest to the tool manufacturer's recommended milling condition for heat-resistant alloys, which are difficult to machine19). Condition (4) is the most severe cutting condition of the four.
The tool was changed every three specimens. No cutting 
Hardness
Titanium exhibited significantly lower hardness (p <0.001) than the other metals (Fig. 3) . The values for Ti-6Al-4V and Ti-6Al-7Nb were significantly higher (p<0.001) than those for the other metals. They were almost the same and about 2.5 times higher than that for titanium. 
Metal chips
The shape of the titanium chips was in general a short curl, while that of Ti-6Al-4V, Ti-6Al-7Nb, and brass chips was a cylindrical curl with a few turns. For all the metals, the width of the chips for conditions (3) and (4) was about double that of (1) and Figure 6 shows electron micrographs of typical metal chips formed under cutting condition (4). The Ti-6Al-4V and Ti-6Al-7Nb chips seemed to have sharper and more regularly serrated cross sections than did titanium.
Cut surfaces
Equally spaced striations were observed on all of the cut surfaces. Figure 7 shows electron micrographs of surfaces of metals cut under cutting condition (4). There was no statistical difference in Ra and Rmax among the metals for each cutting condition, as shown in Fig. 8 .
DISCUSSION
Titanium is generally considered to be a difficult-tocut material20,21). The poor machinability of titanium is principally attributed to its high chemical reactivity at high temperatures, low thermal conductivity, high ductility, and low Young's modulus.
Some titanium alloys are even more difficult to cut than titanium20-24). The machinability rating (MR) is often used as a relative measure of machinability in terms of tool wear4,25). The higher the rating, the better the machinability.
Compared to the rating of 100 for annealed Ti-6Al-4V as a benchmark, annealed JIS grade 2 titanium has a rating of 35021,26). Not much research has been done on the cutting of Ti-6Al-7Nb.
On the other hand, free-cutting brass is well known for its superior machinability27,28). It contains 1 to 3% of lead as a free-cutting additive that rarely forms a solid solution with the matrix.
The spherical lead particles dispersed in the matrix enhance the notch effect in metal chips and improve chip breakability. They also act as a lubricant and reduce the cutting force.
Cutting force By monitoring the cutting force, in-process quantitative evaluation of machinability is possible, which is an important difference from other machinability evaluation methods.
The intensity and direction of cutting force change instantaneously during milling. The cutting forces in the present study are average values of the acquired data. The cutting force determines the cutting power requirements for removal of a material, that is, the power to rotate the spindle and feed the table23). In the present study, the horizontal force Fx has a direct relationship to the latter. Furthermore, the cutting power is directly related to the cutting temperature because a large proportion of the power would turn into thermal energy and raise the temperature of the tips of a tool and shorten its life, especially when a work material has low thermal conductivity5, 29, 30) . It is known that the cutting force increases with the progress of tool wear31). The increased force will promote the wear and bending fatigue fracture of a tool. The cutting force also affects the dimensional accuracy and surface integrity of a work because a higher cutting force results in larger deformation of the machining system (machine, tool, and work) 5, 20, 23) . Hence, it is desired to reduce the cutting force.
Surprisingly, the cutting force of titanium or its alloys is not always greater than that of easily machined materials, such as low carbon steel21,22). In other words, the higher degree of difficulty in cutting titanium compared to other metals cannot simply be explained by the degree of force. (2) and (4) was relatively lower than that for conditions (1) and (3), respectively. The negative Fz signifies upward vertical force in the present study. This result can be explained by the force pulling the work upward that is generated by the peripheral helical cutting edges of the rotating end mill. It is possible that the pulling force causes excess cutting and consequently influences cutting accuracy if the stiffness of the machining system is low. Cutting and grinding The overall machinability (here, ease of cutting) of Ti-6Al-4V and Ti-6Al-7Nb was lower than that of titanium in the present study. In the previous studies, these alloys had better grindability than titanium34, 35 ). There were differences in the testing mode, work material, tool, and processing speed between the cutting experiments in the present study EVALUATION 
CONCLUSION
The cutting force and appearance of metal chips varied with the work material or cutting conditions. These characteristics are useful as indices of machinability and will aid in the development of new alloys for dental CAD/CAM and the selection of suitable machining conditions.
